Introduction
============

Currently, the associations of obesity with poor reproductive outcomes such as infertility, lower mature oocyte yield, and lower number of cryopreservation cycles are well known \[[@B1],[@B2],[@B3]\]. A few studies have provided strong evidence that obese women need higher doses of exogenous gonadotropins and have a higher IVF cycle cancelation rate and significantly lower live birth rates after IVF, as well as higher miscarriage rates \[[@B2],[@B3],[@B4],[@B5],[@B6],[@B7]\]. The essential pathophysiology of the impact of increased body mass index (BMI) on reproduction involves disturbances in the hypothalamic-pituitary axis and menstrual cycle alterations leading to anovulation \[[@B8],[@B9]\]. However, studies have shown that even in women who are ovulating regularly, overweight correlates with reduced conception rates \[[@B10],[@B11]\], suggesting that obesity affects critical peri-conception events, such as oocyte and/or embryo quality. Although the mechanism linking obesity to poor reproductive outcomes (oocyte maturity and/or embryo quality) is not well understood, various adipocytokines are thought to be involved \[[@B7]\], and they could affect ovarian intrafollicular alterations at multiple cellular levels including steroidogenesis, metabolic, and inflammatory pathways \[[@B12]\].

White adipose tissue has been recognized as an endocrine organ and an important source of adipocytokines \[[@B13],[@B14],[@B15]\]; two representative members of adipocytokines are leptin and adiponectin, which partly mediate the effects of adiposity on reproduction \[[@B16]\]. Leptin concentrations are directly correlated with absolute fat mass \[[@B17]\]; in contrast, serum concentrations of adiponectin, which is expressed exclusively by adipocytes, are inversely correlated with obesity \[[@B18]\]. In particular, inappropriate secretion of adipocytokines by an excessive volume of white adipose tissue seems to participate in obesity-related pathologic processes.

Leptin has been the focus of numerous studies since its discovery. These studies have consistently demonstrated a positive association between leptin levels and body fat mass \[[@B19]\]. As expected, many studies have demonstrated adverse effects of leptin on IVF outcomes, including inhibition of ovarian follicular development and steroidogenesis \[[@B20],[@B21]\]. However, some have reported no adverse effects \[[@B22],[@B23]\]. Therefore, up to the present, the research community has failed to reach consensus on this issue. In contrast, adiponectin levels have a negative association with body fat mass and the opposite effect of leptin on reproduction. However, the role of adiponectin in human oocyte quality and early embryo development remains in question because of the low level of adiponectin expression by human granulosa cells. Furthermore, very little information on adiponectin in the field of infertility is available in the literature to date.

The ratio of leptin to adiponectin (L:A ratio) has been reported to represent a better indicator of obesity, insulin resistance, and metabolic syndrome than either component alone, in particular in the female population. Recently, Li et al. \[[@B16]\] characterized for the first time the L:A ratio in the serum and follicular fluid (FF) of reproductive aged women in the setting of ovarian stimulation. This study demonstrated that both FF adipocytokines were associated, leptin positively and adiponectin negatively, with successful cleavage as well as viable embryo morphology. Consequently, the overall relationship between the FF L:A ratio and embryo development was positive \[[@B16]\]. However, as the authors observed, these results were counterintuitive and thus difficult to accept because, despite a lack of consensus, many studies have reported the negative impact of FF leptin and positive impact of FF adiponectin on embryology parameters.

Therefore, the present study aimed to investigate the association of FF leptin and adiponectin levels and the L:A ratio with embryo development, presumably by modulating oocyte quality once again. In order to improve accuracy, we aspirated FF and the oocyte from a single dominant follicle in each of the ovaries. We then analyzed the relationship of the FF leptin and adiponectin levels and the L:A ratio with the corresponding oocyte quality, fertilization, and embryo quality.

Methods
=======

1. Subjects
-----------

A total of 67 infertile women undergoing controlled ovarian hyperstimulation (COH) for IVF between March 2007 and July 2011 were included in this study. The cycle was included when at least one oocyte was obtained and the corresponding FF from a single preovulatory follicle was available. Patients with polycystic ovary syndrome, severe endometriosis, hypothalamic amenorrhea, and a history of ovarian surgery were excluded. Informed consent from each patient was obtained before the ovarian stimulation. The patients were between 27 and 44 years old with the following diagnoses leading to IVF: tubal factor (n=17), male factor (n=9), uterine factor (n=9), ovarian factor (n=7), a combination of factors (n=5), unexplained infertility, or another factor (n=20). Concentrations of serum FSH, E~2~, and anti-Müllerian hormone (AMH) on day 3 of a spontaneous cycle were measured. Height and weight were measured within three months from the start day of COH. In order to use stored FF samples, approval from the Institutional Review Board of Seoul National University Bundang Hospital was obtained.

2. Controlled ovarian hyperstimulation protocols
------------------------------------------------

Ovarian stimulation was performed with recombinant FSH (rFSH, Gonal-F, Merck-Serono, Darmstadt, Germany) and human menopausal gonadotropin (Menopur, Ferring, Saint-Prex, Switzerland), the dose of which was adjusted individually based on the follicular response. Pituitary down-regulation was achieved by the GnRH agonist long protocol or GnRH antagonist protocol. For the GnRH agonist long protocol, 0.1 mg triptorelin acetate (Decapeptyl, Ferring) was injected daily in the mid-luteal phase of the previous menstrual cycle. After pituitary down-regulation, gonadotropin was started on menstrual day 2 or 3. The initial dose of gonadotropin was fixed for the first 4 or 5 days, followed by adjustment on the basis of individual follicular growth until triggering. For the GnRH antagonist protocol, gonadotropin was started on menstrual day 2 or 3. When the leading follicle reached a diameter of 14 mm, 0.25 mg of GnRH antagonist (cetrorelix, Cetrotide; Merck-Serono) was added daily until triggering. When the leading follicle reached a mean diameter of 18 mm or two follicles or more reached a diameter of 17 mm, 250 µg of recombinant hCG (Ovidrel, Merck-Serono) was administered subcutaneously 36 hours before transvaginal oocyte retrieval. Up to 3 embryos were transferred 3 days after oocyte retrieval. The luteal phase was supported with 50 mg of intramuscular progesterone in oil (Progest, Samil, Seoul, Korea) or 8% progesterone gel (Crinone, Merck-Serono) daily, initially for 14 days starting on the day of oocyte retrieval and continuing for another 6 to 8 weeks in cases where a pregnancy was achieved.

3. FF and corresponding oocyte collection
-----------------------------------------

At the time of oocyte retrieval, the single dominant follicle (\>17 mm in diameter) was punctured. The FF was aspirated into an empty bottle without any media. If one intact oocyte was present and the FF was not contaminated by fresh blood, the FF was isolated. To prevent contamination with other follicles, a different needle was used for the ovary on each side. After the needle was withdrawn, it was flushed to obtain any oocytes trapped in the dead space of the collection needle. The FF and oocyte were obtained from only one follicle for each ovary. Each FF sample was centrifuged immediately at 1,300 g for 10 minutes and the clear supernatants stored at -20℃ until assayed, and each corresponding oocyte was isolated and evaluated.

4. Fertilization and culture
----------------------------

The preparation of the sperm and oocytes, fertilization, and subsequent culture of the embryo were performed as previously reported \[[@B24]\]. Briefly, the oocytes were placed in insemination medium (Sydney IVF Fertilization Medium, Cook Women\'s Health, Spencer, IN, USA) 1 to 4 hours before insemination with 50,000 to 500,000 motile spermatozoa per milliliter of medium. If fertilization had failed in previous IVF cycles or the cause of infertility was a male factor, ICSI was performed. Fertilization was assessed 16 to 18 hours after insemination by verifying the presence of two distinct pronuclei and a second polar body. The fertilized oocytes were maintained in culture medium (Sydney IVF cleavage medium).

5. Assessment of oocyte and embryo quality
------------------------------------------

The oocytes and embryos corresponding to the study follicles were cultured individually in separate dishes. The nuclear maturity of the oocyte was determined before ICSI. Embryologists classified each oocyte based on a morphological analysis: the immature stage if a germinal vesicle was visible, intermature stage if neither the germinal vesicle nor first polar body were visible, and mature stage if the first polar body was visible in the perivitelline space. An oocyte was labeled postmature if it was fractured at retrieval. After incubation with sperm, oocyte was classified as normal fertilization (two pronuclei), failed fertilization (no evidence of sperm penetration), or abnormal fertilization (polyspermy and oocytes with only one pronucleus). On day 3, embryonic morphologic development was assessed as four grades (I-IV) on culture according to the regularity of blastomeres, the percentage of anulceate fragments, and all dysmorphic characteristics of the embryos: 1) grade I, 0% anucleate fragments, regularity of blastomeres, and no apparent morphologic abnormalities; 2) grade II, \<20% anucleate fragments, regularity of blastomeres, and no apparent morphologic abnormalities; 3) grade III, 20% to 50% anucleate fragments, irregularity of blastomeres, and no apparent morphologic abnormalities; and 4) grade IV, ≥50% anucleate fragmentation, irregularity of blastomeres, and apparent morphologic abnormalities. Good quality embryos were defined as grade I or II embryos with at least six blastomeres on day 3 after fertilization. Poor quality embryos were defined as grade IV. The embryo score was calculated by the embryo grade multiplied by the number of blastomeres.

6. Measurements of leptin and adiponectin level in FF
-----------------------------------------------------

FF leptin and adiponectin levels were measured using commercial sandwich enzyme immunoassay kits (Invitrogen Co., Carlsbad, CA, USA) according to the manufacturer\'s protocol. The assay sensitivity of leptin and adiponectin was 3.5 pg/mL and 100 pg/mL, respectively. The intra- and inter-assay coefficient of variance (CV) for the leptin assay was 3.57% at 425.77 pg/mL and 4.6% at 431.93 pg/mL, respectively; 3 samples were assayed in replicates of 16 to determine intra-assay precision and 40 times in multiple assays to determine inter-assay precision. The intra- and inter-assay CV for the adiponectin assay were 3.49% at 9.91 pg/mL and 4.37% at 11.55 pg/mL, respectively; 4 samples were tested 5 times to assess intra- and inter-assay precision. The L:A ratio was calculated using the leptin and adiponectin levels.

7. Definitions of subgroups
---------------------------

The study subjects were divided into three groups according to the FF levels of leptin and adiponectin, and the L:A ratio. The FF leptin levels were classified into tertiles: the 33rd percentile and below (low group, leptin\<9.07 ng/mL), between the 34th and 66th percentile (intermediate group, leptin=9.07-13.13 ng/mL) or the 67th percentile and above (high group, leptin\>13.13 ng/mL) of measurements. For the adiponectin levels, the tertiles were as follows: low group, adiponectin\<2.45 µg/mL; intermediate group, adiponectin=2.45-5.20 µg/mL; and high group, adiponectin\>5.20 µg/mL. The resulting FF L:A ratio was classified as low \<0.002; intermediate=0.002-0.008; or high \>0.008.

8. Statistical analysis
-----------------------

Statistical analysis was performed using PASW statistics ver. 18 (SPSS Inc., Chicago, IL, USA). Correlation among the age, BMI, serum levels of FSH, E~2~, AMH, FF levels of leptin, adiponectin, and the L:A ratio were evaluated with Spearman\'s rank correlation analysis. Mann-Whitney and Kruskal Wallis tests were used to compare continuous variables and Fisher\'s exact test was used for categorical variables. The correlation between the embryo quality score and FF leptin and adiponectin levels and the L:A ratio was evaluated with Spearman\'s rank correlation analysis. A *p*-value of \<0.05 was considered statistically significant.

Results
=======

A total of 89 FF and oocyte samples from 67 patients were studied. The mean age of the patients was 35.0±3.4 years with a mean BMI of 22.7±3.1 kg/m^2^. The mean baseline FSH, E~2~, and AMH were 6.0±2.4 mIU/mL, 32.3±31.9 pg/mL, and 2.4±1.1 ng/mL, respectively. The mean FF leptin and adiponectin levels were 15.9±10.3 ng/mL and 3.9±2.1 µg/mL, respectively. The mean FF L:A ratio was 0.0135±0.0625. The proportion of mature oocytes was 92.1% (82/89) and that of cases of normal fertilization was 80.9% (72/89). The proportion of good quality embryos was 47.3% (35/74) on day 3.

The correlations among age, BMI, serum hormones (FSH, E~2~, and AMH), FF adipocytokine levels, and the L:A ratio are shown in [Table 1](#T1){ref-type="table"}. As expected, the FF leptin level was positively correlated with BMI (r=0.334, *p*\<0.01). On the other hand, the FF adiponectin level and the FF L:A ratio were correlated neither with BMI nor with the FF leptin level. The FF L:A ratio, representing the combined effects of FF leptin and adiponectin, had a negative correlation with FF adiponectin (r=-0.279, *p*\<0.01). The serum hormone levels, including FSH and E~2~, correlated neither with FF adipocytokines nor with the FF L:A ratio. The serum FSH and AMH level were correlated positively with age (r=0.504, *p*=0.01) and negatively (r=-0.718, *p*\<0.01) with age, respectively.

The FF leptin level was lower in the mature oocyte group, and in the good quality embryo group compared with the immature oocyte and poor quality embryo group, respectively, although these differences were not statistically significant ([Table 2](#T2){ref-type="table"}). There was no difference in the FF leptin level according to fertilization success. The FF adiponectin level was significantly higher in the normal fertilization group than the abnormal group.

However, the FF adiponectin level showed no significant difference according to oocyte maturity and embryo quality. The FF L:A ratio showed no significant differences according to oocyte maturation, fertilization, or embryo quality.

Oocyte and embryo outcomes based on low, intermediate, and high FF adipocytokine levels and L:A ratio tertile are shown in [Table 3](#T3){ref-type="table"}. There was a trend towards improved oocyte maturation/embryo outcomes with a reduced FF leptin level and lower L:A ratio tertile, although the relationship was not statistically significant. In contrast, increasing FF adiponection was positively associated with successful fertilization (χ^2^=6.21, *p*=0.078).

Discussion
==========

In the present study, we demonstrated that the FF adiponectin level was significantly related to the normal fertilization rate. FF leptin levels and the L:A ratio showed no significant association with oocyte maturation, fertilization, or embryo quality in contrast with our expectations. However, increasing the FF leptin level tended to be associated with adverse outcomes for oocyte maturation and embryo quality. Reproductive function of women could be alternated following severe changes in weight and nutritional status. Leptin is mandatory for normal reproductive function. It acts at multiple levels of the reproductive tissues such as the Hypothalamic-pituitary-ovarian axis \[[@B25]\]. The hypothalamus-pituitary axis probably is not influenced by high circulating levels of leptin because the blood-brain barrier prevents excess concentrations of leptin binding to hypothalamic receptors. It is considered to be a possible regulator of many reproductive functions including steroidogenesis and gametogenesis in the ovary. Since the white adipose tissue has been recognized as an endocrine organ \[[@B26]\], many authors have studied the association of adipocytokines derived from white adipose tissue including leptin and adiponectin with IVF outcomes in terms of oocyte quality, embryo quality, and the fertilization.

There is some evidence that leptin stimulates oocyte maturation or has a beneficial effect on mice, porcine, and bovine oocyte quality \[[@B27],[@B28],[@B29],[@B30]\]. In addition, leptin administration with gonadotropins during superovulation increased the ovarian response and developmental competence of mouse oocytes \[[@B31]\]. In spite of observations of the positive effects of leptin on oocytes in several animal studies, the effect of leptin on human reproductive organs is still debated. Barroso et al. \[[@B21]\] reported that FF levels of leptin correlated negatively with embryo quality in IVF cycles, and several investigators reported that high levels of either serum or intrafollicular leptin are associated with lower pregnancy rates in IVF cycles \[[@B20],[@B32],[@B33]\]. On the other hand, Welt et al. \[[@B22]\] demonstrated that leptin and the soluble leptin receptor are highly interrelated with each other and with other intrafollicular hormones, but not with markers of oocyte quality, fertilization, or embryo grade. It was also reported that the FF leptin levels did not correlate with the number of oocytes, the fertilization rate, or the embryo quality \[[@B23]\]. Most recently, Li et al. \[[@B16]\] reported that increasing FF leptin tertiles show a trend towards improved IVF outcomes. Our results also showed that FF leptin levels showed a negative trend relative to oocyte and embryo quality. This could be based on species-specific differences and different methodology. We have measured leptin concentrations in individual follicles, whereas others pooled FFs. Pooled FFs are used to negate the variation in leptin concentrations in individual follicles as well as to be consistent with pooled embryo transfer, ovarian response, and pregnancy outcome. In previous studies, it has not always been clearly stated what kind of follicles the fluid has been drawn from.

Regarding adiponectin, however, the majority of studies have examined animal models and few have investigated outcomes after IVF/ICSI. There is also evidence that the expression of adiponectin and its receptors is regulated during follicular and oocyte growth and during early embryo development and implantation \[[@B34],[@B35],[@B36]\]. The women undergoing assisted reproductive treatments showed that the serum level of adiponectin was positively correlated with the average number of oocytes retrieved from each patient. Few controlled studies have evaluated the effect of adiponectin during oocyte maturation and embryo culture *in vitro*. Recombinant adiponectin (30 µg/mL) enhanced nuclear maturation of porcine oocytes \[[@B37]\], and adiponectin (10 µg/mL) had beneficial effects on *in vitro* mouse embryo development \[[@B36]\]. Richards et al. \[[@B38]\] reported that the addition of adiponectin to *in vitro* maturation media might improve the developmental competence of *in vitro* matured oocytes in human infertility care. Another effect of adiponectin is on embryo implantation. The adiponectin system was more abundantly expressed in human endometrium during the luteal period, which corresponds to the embryo implantation period \[[@B39]\]. The protein levels of adiponectin, AdipoR1, and AdipoR2 were found to be higher in the endometrium at the sites of embryo implantation compared to the interimplantation sites \[[@B35]\]. Adiponectin has anti-inflammatory and insulin sensitizing properties, and is negatively associated with obesity \[[@B34]\]. Our study also showed positive results, in that a higher FF adiponectin level was significantly associated with normal fertilization. However, others have reported that an increasing FF adiponectin tertile was negatively associated with embryo quality including viable cleavage morphology, successful blastulation, and viable blastocyst morphology \[[@B16]\]. Due to conflicting results, additional studies are necessary to further distinguish the mechanisms by which adiponectin affects oocytes, embryo development, and implantation.

Accurate and reliable research on the relationship of oocyte and embryo quality with adipocytokines was important. To determine the precise relationships between oocyte/embryo quality and adipocytokines, we analyzed the FF sample as a microenvironment directly affecting the quality of the embryo. We found that the FF derived from a single follicle will most accurately reflect the quality of the oocyte from a single follicle. This is the first study to analyze the FF and corresponding oocyte derived from a single dominant follicle for improving the accuracy of the effect of leptin and adiponectin on oocyte quality. However, out study had the limitation that pregnancy outcome was not assessed because not only the embryos of the single dominant follicle were included in the embryo transfer. Thus, if two or more embryos were transferred, we could not be sure whether the pregnancy had originated from the embryo analyzed in this study. We did not transfer the poor quality embryos that were included in this study. This is also related to ethical concerns. In addition, it is difficult to generalize to natural pregnancy because we controlled the folliculogenesis by gonadotropin in an IVF setting. These are the limitations of this study. Future research on the pregnancy outcomes of oocytes derived from a single dominant follicle is needed.

In conclusion, the present study demonstrates that intrafollicular adiponectin concentrations were significantly associated with the normal fertilization rate. Low levels of leptin and high levels of adiponectin, as well as a good intrafollicular adipocytokine environment seem to modulate the function of the ovarian follicles and improve the quality of oocytes and embryos. However, the utility of follicular levels of adipocytokines has not been definitively established as a prognostic marker of IVF/ICSI cycles.
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###### 

Correlations among age, BMI, serum hormone levels, follicular fluid leptin, adiponectin levels, and leptin:adiponectin ratio
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Spearman\'s rank correlation analysis is given.

BMI, body mass index; FF, follicular fluid; L:A, leptin:adiponectin; AMH, anti-Müllerian hormone.

^\*^*p*\<0.05; ^\*\*^*p*\<0.01.

###### 

Comparison and correlation between follicular fluid leptin, adiponectin level, leptin:adiponectin ratio, and IVF outcomes
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FF, follicular fluid; PN, pro-nucleus; L:A, leptin:adiponectin.

^a)^Statistical significance was evaluated by Mann-Whitney test; ^b)^Statistical significance was evaluated by Spearman\'s rank correlation analysis; ^\*^*p*\<0.05.
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Comparisons between IVF outcomes and FF adipocytokine levels, and leptin:adiponectin ratio tertiles
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FF, follicular fluid; L:A, leptin:adiponectin.

^a)^Statistical significance was evaluated by chi-squared test; ^b)^Statistical significance was evaluated by Kruskal-Wallis test; ^\*^*p*\<0.05.
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